The paper focuses on the investigation of durability and performance of a low temperature polymer electrolyte membrane fuel cell (PEMFC) stack as a function of Pt loading in automotive test conditions. Major motivations are problems related to the need to reduce the amount of Pt in membrane electrode assemblies (MEAs) in order to make PEMFC more competitive. The particular challenge is to maintain sufficiently high performance and longterm durability. The study shows that for cathode Pt loadings below 0.2 mg cm -2 and for current densities exceeding 1 A cm -2 a sudden drop of performance is observed. The same threshold value is found for the increase of irreversible voltage losses which lead to an intense reduction of PEMFC durability for cathodic loadings below 0.2 mg cm -2 . Another durability issue at cathodic Pt loadings < 0.4 mg cm -2 is the acceleration of reversible degradation, 2 which leads to a strong voltage drop during continues fuel cell operation (i.e. without a recovery interruption).
Introduction
Platinum which is a key material for fuel cells has been listed as critical raw material (CRM) and is in the focus of the European Commission's strategy to reduce the dependence on platinum group metals (PGMs) [1] . The readiness and functionality of totally PGM-free PEMFCs, however, has not progressed far enough to enter the market. Low-PGM loaded fuel cells, on the other hand, have demonstrated gradual progress. To make fuel cell electrical vehicles (FCEV) competitive regarding total cost and sustainable regarding PGM usage and to reduce the amount of CRM in the fuel cell sector, the PGM content in automotive PEMFC stacks should not exceed the PGM content required for catalytic exhaust converters of typical internal combustion engine (ICE) cars which is around 6 g PGM taking into account the distribution of gasoline and diesel ICEs in Europe in 2016 [2] [3] . Based on 90 kW average power of a new vehicle in 2016 [4] , the targeted PGM loading of a PEMFC stack for FCEV with a maximum power density of 1 W cm -2 should be below 0.1 mg cm -2 to avoid an increase of the amount of Pt in circulation due high volume production of FCEV. Such a drastic reduction of Pt loading which implies severe performance and durability issues is still a big challenge for the entire fuel cell community. In fact, the Pt loading of Pt/C based MEAs could be decreased down to 0.2 mg cm -2 maintaining 1 W cm -2 performance in the European IMPACT project [5] . The durability, however, remains still an issue.
One of the main obstacles to achieve high performance at low Pt loadings is the local oxygen transport resistance of the cathode [6] . Several groups found that, in contrast to the reduction 3 of the cathodic loading, a reduction of anodic loading to 0.05 mg cm -2 or even below does not influence cell performance significantly [7, 8] . The reason is that the hydrogen oxidation reaction is several orders of magnitude faster than the oxygen reduction reaction and therefore less catalytically active material is necessary at the anode [9] . In order to improve PEMFC performance numerous approaches have been followed in the past. Qi et al. [10] varied the wt% of Pt/C and found that 20% Pt/C and 30% Nafion is best combination in case of the E-TEK catalyst material. Other groups optimized performance of low loaded MEAs by using ionomer-free NSTF (nanostructured thin films) to reduce the oxygen transport resistance [11, 12] . Others have studied catalyst layer preparation techniques [8] or have used stable carbon composite catalysts for catalyst layer preparation [13] . Kriston et al. [14] have found and confirmed by modelling that although the mass transport resistance increases upon lowering of the Pt loadings, the mass activity of the catalyst increases, too. To reduce the oxygen transport resistance it was proposed to develop new highly permeable ionomers to be used in the cathode catalyst layers [6] . According to Ahn et al. [15] , on the other hand, higher ionomer concentrations in the catalyst layer are beneficial to maintain performance at low loadings.
One of most important issues regarding the durability of PEMFC with carbon supported Pt catalysts is catalyst layer degradation due to Pt particle growth, dissolution, ionomer degradation and carbon corrosion [16] [17] [18] . All these effects are detrimental for fuel cell longterm performance leading to severe voltage losses caused by the reduction of the electrochemically active surface area (ECSA) especially at low Pt loadings [11] . Moreover, it was shown that MEA durability depends on the initial Pt particle size, whereby medium size particles of around 7 nm show a good balance between performance and durability [19] . A degradation study of MEAs with Pt loadings of 0.15 and 0.40 mg cm -2 has shown that mass transport over-potentials at low cathode loadings increase faster with potential cycling than that of high loadings [20] .
Generally, a huge amount of different studies regarding the influence of the Pt loadings on the performance or degradation has been conducted. The degradation studies have been usually performed using either accelerated stress tests (AST) or in constant operation conditions.
Automotive operation conditions, however, exhibit a highly dynamic load profile with shutdown interruptions that have a significant impact on the recovery of reversible losses [21] [22] [23] .
To the best of our knowledge, a systematic study on the impact of Pt-loading on both performance and degradation performed in automotive operation conditions has not been published so far. In this paper a corresponding study has been performed by using a rainbow stack with differently Pt loaded MEAs to determine threshold loadings and other limiting factors that are related lowering of Pt loading in Pt/C based PEMFCs.
Experimental

Stack and test hardware
The DLR-developed 19 cells stack which is used in this study is a research test stack containing graphite composite bipolar plates with an active area of 140 cm 2 . The stack is operated with hydrogen and air supplied in a counter-flow configuration. A thermostat with deionized water was used to adjust the stack temperature. The stack was operated in an inhouse developed 5 kW fuel cell stack test station that allows parallel monitoring of single cell voltages. The gas humidification was adjusted by using direct water evaporators. All stack operating parameters are controlled according to the control strategies for reliable and comparable stack benchmarking defined by the European project Stack-Test [24] . Detailed information about the stack and the test station can be found elsewhere [25] .
The stack was used as a rainbow stack, i. [25, 26] . These degradation heterogeneities develop with time. In a previous study performed using the same stack hardware completely equipped with MEAs from Johnson Matthey Fuel Cells, the inhomogeneities become significant after continuous operation of several hundreds of hours [25] . In the present study, however, the operation periods of only 142 h limit the extent of variances due to the reversible degradation in individual cells. Hence, the effect of cell position on degradation is expected to be minor.
Furthermore, the first and the last three cells are used to exclude influences from the gas inlets and outlets as well as the metal endplates of the stack. The CCMs had an active area of 118 mm x 118 mm. The EWii Fuel Cells research CCMs are manufactured based on DLR requirements by using 50 wt% Pt/C and Nafion ® XL membrane. Hence, the different loadings were adjusted by just varying the thickness of the catalyst layers. In addition, 25BC gas diffusion layers (GDLs) from SGL Carbon have been used on both anode and cathode side.
Operation and test conditions
The performance and durability tests have been performed at 80°C stack temperature, 50%
RH and 1.5 bar absolute pressure at anode and cathode. Performance curves have been 
Durability testing
The durability test consists of three test blocks that are divided into different test phases according to the test protocol provided in Table 2 . Start-up and preconditioning was performed according to the Stack-Test Master Document -TM 2.00 [27] . For performance curve measurements and FC-DLC (fuel cell dynamic load cycle) durability testing the StackTest Modules P08 and D02 have been used [27] . Between the test blocks, a defined soak time procedure was applied to the stack to recover occurring reversible losses: After switching off the load, the stack was purged with N 2 and cooled down to room temperature, then anode and cathode outlets were opened to allow air entering the anode and cathode compartments.
Before restarting the stack after the soak time, it was first purged with humid N 2 while heating up to 80°C. Subsequently, fuel cell operation and conditioning was started by using hydrogen and air. For more details on the used recovery procedure of reversible degradation losses, the reader is referred to our recent publication [23] .
Results and Discussion
Evaluation of BoT performances versus Pt loading
At begin of test (BoT), the stack was characterized by recording CVs and measuring the performance characteristics of each cell, whereby the latter are provided in Figure 1 (A). The
BoT ECSA (electrochemical active surface area) of the anodes and cathodes are shown in Figure 1 (B). The ECSAs were calculated from the H 2 desorption signals in the range 70-400 mV using 0.21 mC cm -2 [28] as the charge to oxidize one monolayer of hydrogen adsorbed on Pt. It is noted that the further evaluation of performance is based on EWii MEAs only to avoid the complexity due to differences in composition and structure of EWii and Johnson Matthey electrodes.
The ECSA dependence on the nominal loading is plotted in Figure 2 . The data show a linear increase of ECSA with increasing Pt loadings for both anode (R 2 = 0.98) and cathode (R 2 = 0.99). An exception is cell 15, i.e. MEA5, which exhibits a strong deviation that is obviously caused by a substantially lower loading than specified. Therefore, the cell has not been considered in the further data analysis, except the ECSA evaluation.
The impact of Pt loading on cell performance was studied based on the data from Figure 1 It was found that the cell voltages do not change upon variation of the anodic loading in the range 0.05-0.20 mg cm -2 which is consistent with a previous paper by Gasteiger et al. [7] who observed that a reduction of the anodic Pt loading down to 0.05 mg cm -2 has no influence on the performance.
The cell voltage changes as a function of the cathodic loadings, as shown in Figure 3 [10] . The existence of the threshold values implies that the cathodic Pt loading cannot be lowered continuously by reducing the thickness of the catalyst layer while using the same materials. Below a certain value, the performance drop at high current densities is very substantial and requires material improvements to maintain high performances. Likely reasons for the significantly lower performance of low loaded cathodes at high current densities are associated with high oxygen mass conversion rates at the platinum catalyst surface together with water management issues in the thin catalyst layers. The high water production rate at high current densities can cause partial flooding of the catalyst layer resulting in an increased mass transport resistance for the oxygen since the catalyst layer pores are blocked. Therefore, the observed low performance and increased degradation at low loadings may not only be explained by Pt loading but are also due to electrode thickness; drying effects at 50% RH and high gas flows may be much more pronounced for thin electrodes compared to thick ones. Additionally, local oxygen transport resistances, caused by dense ionomer layers near to the catalyst surface, were identified to have a significant impact on the performance of low loaded cathodes because 9 higher local oxygen mass transport rates due to the limited platinum surface sites are required [19] .
Degradation versus Pt loading
The degradation test has been performed by using the FC-DLC dynamic test protocol for automotive conditions [21, 22] . A single test cycle is presented in Figure 4 and 0.2 mg cm -2 has been studied [23] .
In order to investigate the influence of Pt loading on the irreversible degradation, the rates A after = A irr have been determined for the individual EWii Fuel Cells MEAs at 0.05, 0.42 and 1.00 A cm -2 . In Figure 7 , the rate A irr is plotted as a function of current density and cathodic Pt loading (in our study anodic Pt loading was found to have no measurable influence on 11 degradation rate). At low current densities, the irreversible degradation rate is almost constant for the different cathodic Pt loadings. At higher current densities, the MEAs with cathodic Pt loadings ≤ 0.2 mg cm -2 show significantly increased degradation rates up to 300%, compared to the corresponding degradation rates at low current density. In contrast, for MEAs with 0.3 and 0.4 mg cm -2 cathodic Pt loadings the degradation rates at high current densities are only slightly higher by roughly 50%, than at low current densities. Consequently, a threshold cathodic Pt loading of around 0.2-0.3 mg cm -2 is detected for the studied electrodes. Further lowering of the Pt loading on the cathode leads to an increased irreversible degradation.
According to Arisetty et al. [20] , this different behavior of degradation at low cathode loadings (MEAs with 0.15 and 0.4 mg Pt cm -2 were tested by ASTs) can be attributed to a faster increasing mass transport resistance at low Pt loadings and not to changes in the ECSA [20] .
Nevertheless, we investigated the impact of ECSA losses on the irreversible degradation behavior in our study. In contrast to [20] , we found a correlation between the relative ECSA loss, cathodic Pt loading and irreversible degradation rate. The reason for the increased irreversible degradation at low Pt loadings is likely due to Pt particle growth and dissolution [18] suggested by the ECSA loss observed in Figure 8 and degradation data (investigated in the range of 0-1.0 A cm -2 ) following conclusions are drawn for the studied electrodes:
• The cell performance is independent of the anodic Pt loading for current densities up to 1.4 A cm -2 .
• A non-linear dependence of the performance on the cathodic Pt loading was found.
The performance drops significantly for Pt-loadings < 0.2-0.25 mg Pt cm -2 and for current densities ≥ 1.0 A cm -2 .
• Reversible degradation is constant for subsequent test blocks if the cathodic Pt loading is 0.4 mg Pt cm -2 ; for cathodic loadings < 0.4 mg Pt cm -2 the reversible degradation increases from one test block to another (accelerated reversible degradation).
• Irreversible degradation depends on the cathodic Pt loading. 0.2-0.3 mg cm -2 is found to be a threshold value below which the irreversible degradation is particularly high for current densities > 0.4 A cm -2 . 
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